INTRODUCTION
Low-level radioactive wastes (LLRW) are generated in a variety of processes using radioactive materials. These practices include all phases of the fuel cycle and nonfuel-cycle industrial, medical and academic research applications.
All steps, administrative and operational, related to the waste handling are called radioactive waste management and must be performed in accordance with laws, regulations, and principles governing these activities (IAEA 1995) .
LLRW management contributes a significant fraction of the costs and doses ‡ involved in nuclear applications. For this reason, classification and segregation strategies to reduce LLRW volume have been discussed by international organizations to minimize space required for interim storage and final disposal. For example, if the allowable limit of radioactivity that identifies a material as radioactive waste is increased, the radioactive waste volume and waste management costs decrease since these previously-designated radioactive wastes can be considered non-radioactive refuse (IAEA 1995 (IAEA , 1998a .
Many countries have not started repository construction either because of not having a defined policy or not having generated enough LLRW to require permanent disposal. In these cases, interim storage must be provided while awaiting construction and operation of a repository. In some cases, this interim storage can be extended for decades demanding special attention, e.g., security (IAEA 2003; O'Sullivan 2001) .
The International Atomic Energy Agency (IAEA) recommends repackaging and segregation to exempt waste materials stored for long periods from their radiological classification (IAEA 1997 (IAEA , 1998b .
The purpose of this paper is to provide a methodology to exempt compactable solid LLRW by applying previous optimization studies (ICRP 1997) and to apply it to solid compactable wastes stored at Radioactive Waste Laboratory (LRR) of the Instituto de Pesquisas Energéticas e Nucleares (IPEN). This optimized methodology is based on releasing materials containing measurable radioactivity that is below regulatory concern established by the regulatory authority.
METHODOLOGY
The optimized methodology begins with identification and characterization to exempt the compactable solid LLRW as follows:
a. Identify the quantity of LLRW stored and the fraction of compactable solid waste; b. Identify the type of LLRW packaging used for storage; c. Identify the possibility of moving these packages and required infrastructure; d. Verify if there are records and inventories for estimating the activity concentration of each package and the collective doses resulting from handling the wastes; e. Identify the exemption limits and clearance levels defined by the national authority, and the possibility of using recommended international limits; f. Evaluate possible scenarios for final disposal of LLRW and non-radioactive wastes; and g. Identify the acceptance criteria of all final disposal scenarios evaluated.
After identification and evaluation of these conditions and characteristics, the optimized methodology can be carried out by the six following topics: 
METHODOLOGY APPLICATION
The methodology was applied to the specific conditions of the LLRW treated and stored at the Radioactive Waste Laboratory-LRR of the Instituto de Pesquisas Energéticas e Nucleares-IPEN until June 2002. On this date, there were 1,080 drums stored (200 L drums maintained together on pallets), 334 drums containing no compactable radioactive solid wastes, and 746 drums containing compactable radioactive solid wastes.
Proposal of final disposal scenarios
Generically, the drums that can be considered exempted will be processed, and after activity concentration certification, will be either released as non-radioactive refuse or reclassified as LLRW. The drums that cannot be considered exempted will return to the interim storage of LRR awaiting transfer to the repository.
The acceptance criteria for LLRW in repositories are defined in the regulation CNEN-NN-6.09 (CNEN 2002) , but for the nonradioactive refuse, private companies that collect and transport this material had to be informed of these criteria. According to these discussions, it was defined that the non-radioactive refuse would be disposed in industrial landfill and that the collection and transportation of this material would be made by a private company. Some non-radioactive refuse acceptance criteria were also established, as follows:
• The non-radioactive refuse will not be sent in metallic drums; • Bags will not be identified, externally, with the universal symbol of ionizing radiation (trifoil); and • Bags, even without the symbol, must be inserted into another plastic bag (the same used by urban refuse collection in São Paulo).
Exemption and clearance studies
To evaluate the possibility of release of the compactable solid LLRW, it was necessary to compare the activity concentration of each drum with an exemption limit. First, the updated activity concentration was determined and the exemption limit/clearance level was defined.
The updated activity concentrations of each drum were determined by decay calculations through June 2002, considering the initial activity and the radionuclide with longer half-lives inside each drum. Decay calculations were not done for radionuclides with half-lives greater than 30.17 y ( 137 Cs). The exemption limits adopted to carry out these studies are listed below: ) as a radiation protection criterion.
It is important to emphasize that these limits are based on potential doses. The three former limits are based on an annual dose of 10 Sv and a collective dose lower than 1 person-sievert.
The four "exemption limits" used in this paper (CNEN, IAEA, EURO, and LAP), recommended or calculated, for the related radionuclides are presented in Table 1. In this table the radionuclides identified by footnote "a" are the primary contributors to the radiological assessment.
By comparing the activity concentration of each drum containing LLRW with each limit adopted, one could classify the drums in four categories: a) Exempted-if the updated activity concentration is lower than the exemption limit considered; b) Potentially exempted-if the updated activity concentration is higher than the considered exemption limit, but contains bags of distinct origin. This means that inside the drum one can find either bags containing radionuclides with short half-lives, bags containing long-lived radionuclides, bags containing radionuclides with high exemption limits and bags containing radionuclides with low exemption limits; c) Not exempted-if the updated activity concentration is higher than the exemption limit considered and there are no characteristics that indicate the possibility of a fraction of its content being released; and d) Not identified-if the data are not adequate to carry out the exemption studies.
The two former categories constitute the releasable group and the latter two categories constitute the unreleasable group. Table 2 presents the exemption study results, including the number of drums per category and each considered limit.
Process scenarios
All process scenarios were defined taking into account the established acceptance criteria for final disposal in a landfill, if considered exempted or in repository, if not exempted, and experience with handling radioactive materials acquired by the Radioactive Waste Treatment and Storage (UITARR) staff of the LRR. The operation sequence, the number of workers engaged, and the required time to complete each operation were determined. In addition, all equipment, materials, main- tenance services and facilities required to carry out the process were identified. The proposed scenarios considered some conditions based on the established acceptance criteria:
a. All bags must be removed from the drums; b. The universal radioactive symbol (trifoil) must be removed from all bags, before repackaging; c. All bags must be repackaged in common plastic bags; d. The segregation operations (drum opening, symbol removal and repackaging) must be done inside a negativepressure environment (e.g., glove-box); e. All bags already repackaged must be monitored in order to determine their activity concentration, even those bags from the drums classified as exempted; and f. The bags, already repackaged and monitored, will be transferred either to a collection agency for disposal in an industrial landfill (bags with activity concentrations below the exemption limits); or to the compaction treatment facility at the LRR (bags with activity concentrations under the exemption limits).
The process is comprised of 18 steps as shown in the block diagram (Fig. 1) .
Cost and dose evaluations
Cost evaluations were made for each step or set of steps, separately, to determine cost by processed package (pallet, drum or bag), since the amount varies according to the exemption limit considered and also according to the fraction of exempted packages after the activity concentration measurements.
The cost evaluations for the steps that will be carried out by LRR staff (all steps excluding the steps 13, 17, and 18) were made based on a methodology already The costs relating to step "13-send to landfill," were calculated considering the average of three commercial estimates. According to this average, the cost per drum is US$30.00, including collection and industrial landfill fees.
The costs relating to step "17-send to repository," were calculated considering the average of two commercial estimates. According to this average, the cost per drum is US$33.00, including loading and unloading operations and transportation, considering a distance of 500 km between the interim storage area and the repository.
The cost of step "18 -disposal" was considered to be US$670.00 per drum based on a reference cost of US$3,350.00 per cubic meter of radioactive waste, reported in the Technical Note 01/ 2003 01/ (CNEN 2003 . Although the drums contain approximately one cubic meter of compressed radioactive waste, only the drum volume of 200 L was considered. This value is quite similar to those internationally adopted (NEA 1999; Fentiman et al. 2004) . The costs of all steps are presented in Appendix A.
To conduct the evaluation of doses received by workers during all steps of the process, some considerations were adopted: a. The exposure rate of each drum, calculated based on their activity, was revised to June, 2002; b. Dose rates were assumed to be equivalent to the exposure rates;
c. The drum and bag handling will be done at an average distance of 1 m; d. In steps "13-send to landfill," "17-send to repository," and "18 -disposal" the doses resulting from loading and unloading tasks were considered; e.
Step "17-send to repository" also included the dose received by the driver during transportation, 20 Sv h Ϫ1 during 8 h; and the time required for each step varies with the number of drums or bags handled, which varies with the exemption limit considered. Then, the fractions of 0%, 50%, and 100% were considered for all limits, representing the fraction of drums containing potentially exempted waste that will be actually exempted. The types of doses considered are presented in Appendix B.
After determining the unit cost of each step, the number of packages handled for each exemption limit, the time requested of each worker, and the dose rates involved, it was possible to determine the costs, including individual and collective doses for all processes, considering interim storage of 1 and 10 y. These data are presented in Table 3 .
Optimization studies
Knowing all costs and doses, one could carry out the optimization studies. The optimization study helps decide whether to maintain the current practice of storing LLRW awaiting transportation for final disposal in a repository or changing to a system of segregation, repackaging, and release of a fraction of the LLRW classified as non-radioactive refuse. Optimization also allows the evaluation of how different exemption limits change this decision.
The technique to aid the decision-making process of this study is known as integral costbenefit analysis. The data used in this study are those presented in Table 3 .
The expression X ϩ ␣S, where X is the cost, S is the collective dose, and ␣ is the reference cost, was used to obtain results for each option. The ␣ value used was US$10,000 per personsievert. The options were numbered from 1 to 5, as is shown in Table 3 .
Sensitivity studies
All parameters used in an optimization study can be evaluated using a sensitivity analysis, especially if the result changes the analytical solution.
In the case of the optimization study presented, the main objective is to evaluate if option 5 (LLRW stored awaiting for transport to final disposal) is preferred, and, if it is not, what limit adopted, among all, could be considered the analytical solution.
Considering that the preferred option is the one that presents the lower result of X ϩ ␣S, the parameters that can change the result if their values are altered are total cost X, collective dose S and the reference monetary cost to the unit of collective dose ␣. One can already identify the possible variation of these parameters that can cause changes to the options selection.
The reference cost ␣ varies from US$1,000 per person-sievert in some undeveloped countries to US$25,000 per person-sievert in Japan.
The collective doses S involved change according to dose rates and time spent handling the drums. The considerations used to determine the dose rate lead to overestimated values and they are unlikely to be higher. The handling time, although estimated based on the experience of routine tasks performed at the LRR, can vary from twice as fast to ten times slower, resulting in variation of collective dose S values from one-half to ten times the calculated value.
The determination of the values for the parameter cost X was done by the sum of the costs of all steps considered in the processes. For this reason, the possible alterations of each step cost were considered for the sensitivity analysis of this parameter.
In step "18 -disposal," the value used as unit cost was obtained from Technical Note 01/ 2003 (CNEN 2003) , but it is very close to the values adopted internationally. On the other hand, this is the step with higher contribution to the total cost (80%) and with higher interference power in the optimization studies. For this reason, the variation of its values was very flexible in the sensitivity analysis.
In steps "13-send to landfill" and "17-send to repository," the values used for the costs come from a commercial proposal. The possible variations in these steps were based on financial criteria and the costs can change from one-half to ten times the commercial values.
In all other steps that will be performed by LRR staff, and of those which the costs were calculated, a variation from one-half to ten times the calculated value was also considered (based on the major contribution for the costs-the number of employees involved). The main variable to determine the human resources cost was the time spent to do the tasks. In the same way as the collective dose, the variation considered was from twice as fast to ten times slower, resulting in variations of one-half to ten times the calculated value.
The costs for step "16 -storage" were calculated considering two different interim storage times-1 and 10 y, including the possibility of immediate transfer and interim storage greater than 10 y. The latter scenario is a realistic choice since the construction of a final repository is still being discussed.
RESULTS AND DISCUSSION
This section presents the results of the optimization study and the sensitivity analysis to the relevant parameters, using only variations in the parameter values that result in alteration of the analytical option. Tables 4 and 5 present the results of the optimization study. The first important result is that for any considered interim storage time (1 or 10 y) and for any fraction of potentially exempted drums (0, 50, or 100%) the performance of option 5 (maintenance of the real situation) is The options were numbered from 1 to 5 as follows: option 5-radioactive wastes stored awaiting transportation to final disposal; options 4, 3, 2 and 1-opening, segregation and exempting the waste (option 4 considers the national limit CNEN, option 3 considers the limit IAEA, option 2 considers the limit EURO and the option 1 considers the limit LAP).
lower than any other option. In other words, the options that consider opening, segregation, and release of LLRW are preferred, independent of the adopted limit. Considering that option 5 is to maintain the current situation, the total cost remains unaltered, independent of the fraction of potentially exempted drums. It becomes evident that the larger the fraction of potentially exempted drums, the larger the difference between the cost of option 5 and the other options. It can also be verified that for any interim storage time and any fraction of potentially exempted drums, the preference order is not altered. Of the various scenarios, option 1 is the preferred analytical solution, followed by options 4, 2, 3, and 5 in decreasing preference order. It is important to distinguish that option 1 considers the Annual Limit to Public as dose criteria (IAEA 1996), thus the exemption limit considered in this case is 100 times higher, on average, than those based on 10 Sv of potential dose (IAEA 1996) . The preference for segregation, independent of the adopted limit, over the option of maintenance is justified since the cost of all segregation processes is low when compared to interim storage and final disposal costs, and because the collective and individual doses involved in the processes are very low (Table 3) .
By analyzing the results X ϩ ␣S in Tables 4 and 5 one can verify that for all cases, the contribution of the term ␣S is insignificant if compared to the contribution of term X. To make the values comparable, it would be necessary to increase ␣S by a factor of 10 4 . An increase of a factor 10 2 would lead to approximately 1% or less of the X value. This means that even if the time evaluated in the 18 steps were 10 times longer, consequently increasing the doses by a factor 10, the ␣S would be one thousandth of the X value.
Also, assuming the dose values determined in this paper were 10 times higher, the ␣S would be about one hundredth of X. Thus, the errors in the ␣S values do not impact the results. The IAEA does not recommend ␣ values higher than US$40,000, even in developing countries (Suzuki 2003) , so the ␣ value could be just 4 times higher than what is considered in this paper.
Considering the derivation of costs, one can note that around 80% of the cost of all options result from step "18 -disposal."
A sensitivity study was carried out to verify the minimum cost of step 18 that could make option Table 4 . Integral cost-benefit analysis for 1 y of interim storage. a 5 the analytical solution. The results of this study are presented in Table 6 .
It can be verified that option 5 becomes the analytical solution only when final disposal cost as zero is considered and for some fractions of potentially exempted drums. Option 5 has the lowest performance even considering 25% of the final disposal cost.
It is important to remember that the national cost of radioactive wastes disposal in this paper, US$670 per drum (CNEN 2003) , is very close to the international values (NEA 1999; Fentiman et al. 2004 ). The presented sensitivity study was done just to verify the robustness of the optimization study.
A graphic with the variables total cost and fraction of potentially exempted drums was also elaborated, considering, for each option, 1 and 10 y of interim storage. These graphics are presented in Fig. 2 and Fig.  3 . In these figures, one can verify that it is not possible to select an optimum fraction because options 1 through 4 have comparable negative slopes. The higher the fraction of potentially exempted drums, the higher the difference between the costs of option 5 and the costs of other options. Among options 1, 2, 3, and 4, the cost variation is almost independent of the fractions considered.
It can also be verified in Figs. 2 and 3 that the closest option to option 1, which used 1 mSv y Ϫ1 , was option 4 (CNEN), which adopts the same value for all radionuclides. Option 4 is less restrictive than options 3 (IAEA) and 2 (EURO).
At last, it can be noted that the difference between the IAEA option, which considers the most restrictive scenario, and the EURO option, which considers a The monetary value (US$) of each option for each fraction of the final disposal cost per drum is the result of optimization study "X ϩ ␣S." b The options were numbered from 1 to 5 as follows: option 5-radioactive wastes stored awaiting transportation to final disposal; options 4, 3, 2 and 1-opening, segregation and exempting the waste (option 4 considers the national limit CNEN, option 3 considers the limit IAEA, option 2 considers the limit EURO and the option 1 considers the limit LAP). c The monetary values typed in bold indicate the option with lowest performance. d The fractions 0%, 50% and 100% indicate the fraction of drums containing potentially exempted waste that actually will be exempted.
just the landfill scenario, is very small. So, for the radionuclides inventory studied in this paper, the landfill disposal scenario presents values that are very close to those of the most restrictive among all scenarios adopted by European Commission. The sensitivity studies for the term ␣S were not carried out considering that:
• The possible variations for ␣ from the minimum to the maximum recommended by ICRP (1973) or even the application of exceptionally high values of US$40,000.00 (Suzuki 2003) could contribute less than 1% in the result X ϩ ␣S.
• Even if the doses varied from tens to hundreds of times higher than those determined in this study, it would not contribute more than 10% in the result X ϩ ␣S. a (1) The fractions of 0%, 50% and 100% represent the fraction of drums containing potentially exempted waste that will be actually exempted. (2) The options were numbered from 1 to 5 as follows: option 5-radioactive wastes stored awaiting transportation to final disposal; options 4, 3, 2 and 1-opening, segregation and exempting the waste (option 4 considers the national limit CNEN, option 3 considers the limit IAEA, option 2 considers the limit EURO and the option 1 considers the limit LAP). 
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